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:LWK WKH LQFUHDVLQJ SUHVVXUH RI HQHUJ\ VKRUWDJH YDULRXV WHFKQRORJLHV DUH EHLQJ GHYHORSHG WRPHHW WKH HQHUJ\
GHPDQG6RODUHQHUJ\LVRQHRIWKHQRQFRQYHQWLRQDOVRXUFHVRIHQHUJ\ZLGHO\XVHG(QHUJ\VWRUDJHDQGUHQHZDEOH
HQHUJ\ WHFKQRORJLHV KDYH UHFHLYHGPRUH DWWHQWLRQZRUOGZLGH DV HFRQRPLF SURJUHVV DVZHOO DV LQGXVWULDOL]DWLRQ
2QHZD\ WR LPSURYH WKHHIILFLHQF\ LV WR VWRUH WKHHQHUJ\GXULQJKLJKHU VRODU LQFLGHQFHDQGXWLOL]LQJ WKLV VWRUHG
HQHUJ\GXULQJLWVOHVVHUDYDLODELOLW\(IILFLHQWVWRUDJHWHFKQRORJLHVDUHUHTXLUHGWRVWRUHWKLVHQHUJ\WRPHHWHQHUJ\
GHPDQG WKURXJKRXW GD\ DQG QLJKW 3KDVH FKDQJH PDWHULDOV 3&0V DUH HQHUJ\ VWRUDJH PDWHULDOV GXH WR WKHLU
FKDUDFWHULVWLF RI VWRULQJ WKHUPDO HQHUJ\ E\ SKDVH FKDQJH DQG WKHLU DELOLW\ WR SURYLGH KLJKHU HQHUJ\ VWRUDJH
GHQVLWLHV7KHUPDOHQHUJ\VWRUDJH7(6UHVHDUFKIRUVHDVRQDOVWRUDJHLVJRLQJWRZDUGVWKHUPRFKHPLFDOPDWHULDOV
7&0 +RZHYHU QRZDGD\V RQH RI WKH SURPLVLQJ PHWKRGV LV EDVHG RQ FKHPLFDO UHDFWLRQV 7KHUPRFKHPLFDO
PDWHULDOV XVLQJ UHYHUVLEOH FKHPLFDO UHDFWLRQ SULQFLSOH DUH XVHG WR VWRUH HQHUJ\ 7KHVHPDWHULDOV DUH FDSDEOH RI
VWRULQJVRODU WKHUPDOHQHUJ\LQRQHGLUHFWLRQDQGWRUHOHDVHLW LQDQRWKHUGLUHFWLRQZLWKRXWKHDW ORVVHVZKHQHYHU
HQHUJ\LVQHHGHG,QWKHSUHVHQWZRUNHIILFLHQF\RIVRODUVWLOOLVLPSURYHGZLWKWKHDLGRISKDVHFKDQJHPDWHULDOV
$ ZLSHU WKDW SXVKHV ZDWHU WR WKH FROOHFWLQJ GLVK LV DOVR LQFRUSRUDWHG &RPELQHG HIIHFW RI 3&0V DQG ZLSHU
HQKDQFHVWKHHIILFLHQF\DQGSURGXFWLYLW\

7KH$XWKRUV3XEOLVKHGE\(OVHYLHU%9
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIRUJDQL]LQJFRPPLWWHHRIWKH*OREDO&KDOOHQJHV3ROLF\)UDPHZRUN	
6XVWDLQDEOH'HYHORSPHQWIRU0LQLQJRI0LQHUDODQG)RVVLO(QHUJ\5HVRXUFHV
Keywords:6RODUVWLOOH[SHULPHQWDOSURGXFWLYLW\HIILFLHQF\SKDVHFKDQJHPDWHULDOV
 ,QWURGXFWLRQ
3RWDEOH ZDWHU LV LQGLVSHQVLEOH IRU OLIH DQG LWV VFDUFLW\ LV JURZLQJ DFURVV WKH ZRUOG 7KHUH LV DQ
XUJHQWQHHGIRUFOHDQSXUHGULQNLQJZDWHU LQPDQ\FRXQWULHV2IWHQZDWHU UHVRXUFHVDUHEUDFNLVKRU
FRQWDLQLQJ KDUPIXO EDFWHULD DQG WKHUHIRUH FDQQRW EH XVHG IRU GULQNLQJ SXUSRVH 6HD ZDWHU H[LVWV LQ
SOHQW\EXWLWQHFHVVLWDWHVWKHUHPRYDORIWKHVDOLQLW\ZLWKDGGLWLRQDOH[SHQVHRIHQHUJ\ZKLFKLVDQRWKHU
VFDUFHUHVRXUFH3XUHZDWHULVQHHGHGLQVRPHLQGXVWULHVKRVSLWDOVDQGVFKRROV
7RRYHUFRPHWKLVSUREOHPWKHUHDUHYDULRXVPHWKRGVWRSURGXFHIUHVKZDWHUIURPVHDZDWHUVDOLQH
ZDWHURUEUDFNLVKZDWHU'HVDOLQDWLRQSURFHVVHVKDYHUHFHLYHGJUHDWDWWHQWLRQDVDQDOWHUQDWLYHVROXWLRQ
IRUIUHVKZDWHUSURGXFWLRQ'HVDOLQDWLRQLVRQHRIWKHPHWKRGVZKLFKLVVXLWDEOHIRUSRWDEOHZDWHU7KH
GHPDQGIRUUHOLDEOHDQGDXWRQRPRXVO\RSHUDWLQJGHVDOLQDWLRQV\VWHPVLVLQFUHDVLQJFRQWLQXRXVO\7KHVH
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V\VWHPVDUHPHDQWIRUDEDVLFQHHGRIGULQNLQJZDWHUDQGIUHVKZDWHUVXSSO\
6RODUGLVWLOODWLRQ VHHPV WREHDSURPLVLQJPHWKRGDQGDOWHUQDWLYHZD\ IRU VXSSO\LQJ IUHVKZDWHU
6HYHUDOVRODUVWLOOGHVLJQVKDYHEHHQSURSRVHGDQGPDQ\RI WKHPKDYHIRXQGVLJQLILFDQWDSSOLFDWLRQV
WKURXJKRXWWKHZRUOG6RODUGHVDOLQDWLRQV\VWHPVKDYHORZRSHUDWLQJDQGPDLQWHQDQFHFRVWVDQGUHTXLUH
ODUJHLQVWDOODWLRQDUHDVDQGKLJKLQLWLDOLQYHVWPHQWV7KHUHDUHWZRGLIIHUHQWW\SHVRIVRODUVWLOOVWKRVH
DUHDFWLYHVRODUVWLOODQGSDVVLYHVRODUVWLOO
)LJXUH  LQGLFDWHV DFWLYH W\SH VRODU VWLOO ZKLFK FRQWDLQV WKHPHFKDQLFDO FRPSRQHQWV OLNH SXPS
YDOYH HWF )LJXUH  VKRZV WKH SDVVLYH W\SH VRODU VWLOO ZKLFK GRHV QRW UHTXLUH DQ\ PHFKDQLFDO
FRPSRQHQWV$PRQJDFWLYHDQGSDVVLYHVRODUVWLOOVSDVVLYHVRODUVWLOOJHWVPRUHDWWUDFWLYHFRPSDUHGWR
DFWLYHVRODUVWLOO%HFDXVHSDVVLYHW\SHVRODUVWLOOGRHVQRWKDYHPRYLQJHOHPHQWVVRQRQHHGRISRZHU
FRQVXPSWLRQDQGQRZHDUDQGWHDUSUREOHPV6RLQWKLVSUHVHQWZRUNIRFXVLVPDGHRQSDVVLYHVRODU
VWLOO

 

)LJ$FWLYHW\SHVRODUVWLOO)LJ3DVVLYHW\SHVRODUVWLOO)LJ6LQJOHVORSHVRODUVWLOO
 ([SHULPHQWDOSURFHGXUH
)LJXUHSUHVHQWVDVFKHPDWLFGLDJUDPRI WKHVRODUVWLOOXVHGLQ WKHSUHVHQWH[SHULPHQWDOVWXG\,W
FRQVLVWVRIDVWDLQOHVVVWHHOEDVLQZKLFKKDVDQHIIHFWLYHDUHDRIP7KLVVRODUVWLOOLVPDGHRI6WDLQOHVV
VWHHOZLWKDOOGLPHQVLRQVLQFPDVVKRZQLQILJXUH7KHVWDLQOHVVVWHHOVKHHWKDVDWKLFNQHVVRIPP
,WFRQVLVWVRIDWRSFRYHURIWUDQVSDUHQWJODVVZLWKDWLOWRIDQGLVFRDWHGZLWKEODFNSDLQWWRDEVRUE
WKHPD[LPXPSRVVLEOHVRODUHQHUJ\7KLVVRODUVWLOOIDFHVVRXWKGLUHFWLRQ
7KHHQWLUHDVVHPEO\LVPDGHDLUWLJKWZLWKWKHKHOSRIUXEEHUJDVNHWDQGFODPSV:DWHUHQWHUVLQWKH
EDVLQWKURXJKDQLQOHWYDOYH7RPDLQWDLQFRQVWDQWZDWHUOHYHORIFPDIORDWHULVDUUDQJHGLQVLGHWKH
VRODUVWLOO7KHGLVWLOOHGZDWHU LVFRQGHQVHGRQWKHLQQHUVXUIDFHRIWKHJODVVFRYHUDQGUXQVDORQJLWV
ORZHU HGJH 7KH GLVWLOODWH ZDV FROOHFWHG LQ D ERWWOH DQG PHDVXUHG E\ D JUDGXDWHG F\OLQGHU
7KHUPRFRXSOHV ZHUH ORFDWHG DW GLIIHUHQW SODFHV RI WKH VRODU VWLOO WR PHDVXUH WHPSHUDWXUHV VXFK DV
RXWVLGH JODVV FRYHU LQVLGH JODVV FRYHU EDVLQ ZDWHU WHPSHUDWXUH YDSRU WHPSHUDWXUH DQG DPELHQW
WHPSHUDWXUH ,Q WKLV H[SHULPHQW 6RGLXP 6XOSKDWH LV XVHG DV SKDVH FKDQJH PDWHULDO $OO WKH
H[SHULPHQWDOZRUNZDVFRQGXFWHGLQWKHPRQWKRI)HEUXDU\LQ+\GHUDEDG,QGLD
 3ULQFLSOHRIVRODUGHVDOLQDWLRQ
$EDVLQRIVRODUVWLOOKDVDWKLQOD\HURIZDWHUDWUDQVSDUHQWJODVVFRYHUWKDWFRYHUVWKHEDVLQDQG
FKDQQHOIRUFROOHFWLQJ WKHGLVWLOODWHZDWHU IURPVRODUVWLOO7KHJODVV WUDQVPLWV WKHVXQUD\V WKURXJKLW
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DQGVDOLQHZDWHULQWKHEDVLQRUVRODUVWLOOLVKHDWHGE\VRODUUDGLDWLRQZKLFKSDVVHVWKURXJKWKHJODVV
FRYHUDQGDEVRUEHGE\WKHERWWRPRIWKHVRODUVWLOO,QDVRODUVWLOOWKHWHPSHUDWXUHGLIIHUHQFHEHWZHHQ
WKH ZDWHU DQG JODVV FRYHU LV WKH GULYLQJ IRUFH RI WKH SXUH ZDWHU \LHOG ,W LQIOXHQFHV WKH UDWH RI
HYDSRUDWLRQIURPWKHVXUIDFHRIWKHZDWHUZLWKLQWKHEDVLQIORZLQJWRZDUGVFRQGHQVLQJFRYHU9DSRXU
IORZVXSZDUGVIURPWKHKRWZDWHUDQGFRQGHQVH7KLVFRQGHQVDWHZDWHULVFROOHFWHGWKURXJKDFKDQQHO
0HDVXULQJ ,QVWUXPHQWV 3\UDQRPHWHU 0XOWLPHWHU *ODVV EHDNHU 3W W\SH WKHUPRFRXSOHV DQG
LQIUDUHGWKHUPRPHWHU3\UDQRPHWHULVXVHGWRPHDVXUHWKHGLUHFWVRODUUDGLDWLRQDQGGLIIXVHGUDGLDWLRQ
*ODVVEHDNHULVXVHGWRPHDVXUHWKHGLVWLOODWHZDWHUIURPWKHVRODUVWLOO3WW\SHWKHUPRFRXSOHVDUH
XVHGWRPHDVXUHWKHWHPSHUDWXUHRIZDWHUZKLFKLVLQWKHEDVLQRUVRODUVWLOOLQFOLQHGJODVVFRYHULQVLGH
DQGRXWVLGHWHPSHUDWXUHV,QIUDUHGWKHUPRPHWHULVXVHGIRUPHDVXULQJWKHDWPRVSKHULFWHPSHUDWXUH
 /LWHUDWXUHUHYLHZ
$O+DPDGDQL$$)DQG6KXOOD6.H[SHULPHQWDOO\LQYHVWLJDWHGWKHSHUIRUPDQFHRIDVRODU
VWLOOZLWKODXULFDFLGDVSKDVHFKDQJHPDWHULDO7KH\IRXQGWKDWKLJKHUPDVVRISKDVHFKDQJHPDWHULDO
ZLWKORZHUPDVVRIZDWHULQVRODUVWLOOEDVLQLQFUHDVHVWKHGDLO\SURGXFWLYLW\DQGWKHHIILFLHQF\RIWKH
VRODUVWLOO7KH\REVHUYHGWKDWSKDVHFKDQJHPDWHULDOHQKDQFHVWKHSURGXFWLYLW\RIWKHV\VWHPE\
(O6HEDLL$$HWDOVLPXODWHGDVLQJOHEDVLQVRODUVWLOORQDVXQQ\GD\7KH\IRXQGWKDWWKH
GDLO\SURGXFWLYLW\RI WKHVWLOO LVNJPGD\ZLWKDQHIILFLHQF\RIXVLQJFPRIVWHDULF
DFLGFRPSDUHGWRNJPGD\ZKHQWKHVWLOOLVXVHGZLWKRXWSKDVHFKDQJHPDWHULDO
0RQD01DLPDQG0HUYDW$$EG(O.DZLH[SHULPHQWDOO\LQYHVWLJDWHGWKHSURGXFWLYLW\RI
DPL[WXUH7KH\IRXQGWKDWKLJKHVWSURGXFWLYLW\LVOPKVWLOOHIILFLHQF\ZKHQWKHIORZ
UDWHZDVPOPLQ
1LMPHK6HWDOH[SHULPHQWDOO\LQYHVWLJDWHGWKHHIILFLHQF\RIDGRXEOHEDVLQVRODUVWLOO7KH
PDWHULDOV XVHG WR HQKDQFH WKH DEVRUSWLYLW\ RI ZDWHU IRU VRODU UDGLDWLRQ LQFOXGHG SRWDVVLXP
SHUPDQJDQDWHDQGSRWDVVLXPGLFKURPDWH7KH\IRXQGWKDWPD[LPXPHIILFLHQF\LVIRUYLROHWG\H
DVFRPSDUHGWRIRUZDWHUIRUSRWDVVLXPGLFKURPDWHDQGIRUSRWDVVLXPSHUPDQJDQDWH
6ZHWKD.DQG9HQXJRSDO-H[SHULPHQWDOO\VWXGLHGDVLQJOHVORSHVLQJOHEDVLQVRODUVWLOOE\
DGGLQJ/DXULFDFLGDVDSKDVHFKDQJHPDWHULDO7KH\IRXQGWKDWWKHVWLOOFRQWLQXHVWRSURGXFHWKHIUHVK
ZDWHUHYHQDIWHUVXQVHWE\DGGLWLRQRISKDVHFKDQJHPDWHULDOWKHGLVWLOODWHSURGXFWLRQLQFUHDVHGE\
ZLWKSKDVHFKDQJHPDWHULDODQGIRUKLJKHUPDVVHVRISKDVHFKDQJHPDWHULDOWKHVWLOOZDVREVHUYHGWREH
PRUHHIIHFWLYH
 5HVXOWVDQGGLVFXVVLRQ
2XWSXW RI D VRODU GLVWLOODWLRQ GHSHQGV RQ WKH LQFLGHQW VRODU UDGLDWLRQ )LJXUH  UHSUHVHQWV WKH
YDULDWLRQRIVRODUUDGLDWLRQIOX[ZLWKUHVSHFWWRWLPH,WLVREVHUYHGWRLQFUHDVHZLWKWLPHXSWR
1RRQZLWKPD[LPXPIOX[UHDFKLQJWR:PLQWKHSUHVHQFHRI6RGLXP6XOSKDWH
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
)LJ9DULDWLRQRIVRODUUDGLDWLRQZLWKWLPH

)LJXUHLQGLFDWHVWKHYDULDWLRQRIVRODUUDGLDWLRQDORQJZLWKWLPH,WLVREVHUYHGWKDWWKHUDGLDWLRQ
LQFUHDVHVIURPPRUQLQJWRDIWHUQRRQDQGDIWHUZDUGVLWGHFUHDVHV7KHPD[LPXPUDGLDWLRQUHDFKHGDW
WKHWLPHRIQRRQLQDGD\

)LJ9DULDWLRQRIEDVLQWHPSHUDWXUHZLWKWLPH
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)LJ9DULDWLRQRIZDWHUWHPSHUDWXUHZLWKWLPH




)LJ9DULDWLRQRIYDSRUWHPSHUDWXUHZLWKWLPH
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
)LJ9DULDWLRQRIJODVVFRYHULQVLGHWHPSHUDWXUHZLWKWLPH



)LJ9DULDWLRQRIJODVVFRYHURXWVLGHWHPSHUDWXUHZLWKWLPH

)LJXUH  WR )LJXUH  VKRZV WKH EDVLQ WHPSHUDWXUHZDWHU WHPSHUDWXUH YDSRXU WHPSHUDWXUH JODVV
FRYHU LQVLGH WHPSHUDWXUH DQG JODVV FRYHU RXWVLGH WHPSHUDWXUHV UHVSHFWLYHO\ ,Q DOO WKH FDVHV
WHPSHUDWXUHVZLOOLQFUHDVHXSWRQRRQDQGGHFUHDVHVDIWHUZDUGV2EVHUYHGWKDWWHPSHUDWXUHLVPRUHLQ
WKH SUHVHQFH RI SKDVH FKDQJH PDWHULDO 6RGLXP 6XOSKDWH FRPSDULQJ ZLWK ZLWKRXW SKDVH FKDQJH
PDWHULDO6RGLXP6XOSKDWH
 &RQFOXVLRQV
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